Introduction. The linguistic approach, based on the transition from electrocardiogram (ECG) to codogram, gained fame for the analysis of heart rhythm. To expand the functionality of the method, it is advisable to study the possibility of simultaneously monitoring the dynamics of changes in the duration of cardiac cycles and the indicator of simmetry T-wave that carries information about ischemic changes in the myocardium.
INTRODUCTION
The physiological processes occurring in biological systems are often repetitive in time. Such processes generate specific signals, which are commonly called cyclical in the scientific literature [1, 2] . A typical example of a cyclical signal is an electrocardiogram (ECG), reflecting the cyclical nature of the circulatory system and respiratory organs of a living organism.
Despite the fact that electrocardiography for over a hundred years has been the most common method of functional diagnostics in cardiology, the sensitivity and specificity of traditional ECG examinations are not high enough. Thus, in work [3] it was shown that resting ECG, assessed by generally accepted criteria, remains normal in approximately half of patients with chronic coronary artery disease (CAD), including during episodes of chest discomfort.
Modern digital electrocardiographs, which implement traditional approaches to the analysis and interpretation of ECG, also do not provide the required reliability of diagnostic results. Moreover, experienced clinicians still prefer visual interpretation of ECG, not completely trusting computer algorithms, which, because of the complexity of real signals, often lead to errors at the stage of recognition of informative fragments [4] .
Therefore, scientists are constantly looking for alternative approaches to computer processing of cyclic signals, in particular, ECG. One of these approaches is based on the transformation of the original signal into a word (sequence of characters), for the analysis of which the concepts of formal languages are used. Such an approach in various publications is called linguistic [5, 6] , structural [7] or syntactic [8] .
In cardiology practice, the linguistic approach has become famous for analyzing heart rhythm [9, 10] . It has long been known that the heart rhythm is a universal reaction of the organism to any influence from the external and internal environment [11] . Mathematical analysis of the heart rhythm allows you to obtain important information about the functional state of all parts of the regulation of human life, both in normal conditions and in various pathologies [12] . Computer technologies of mathematical analysis of heart rate variability of the heart rate (HRV) are still actively used to assess the state of the autonomic nervous system and adaptive reserves of the body [13] .
However, only on the basis of control over the sequence of lengths of the R R − -intervals it is impossible to judge the functional state of the heart itself as the main system-forming organ, in particular, the ischemia of the heart muscle. To increase the credibility of the conclusion about the functional state of the body, it is reasonable to supplement the analysis of the dynamics of the R R − -intervals with an analysis of the dynamics of other ECG indicators.
In [14, 15] , a method for analyzing an ECG signal was proposed, which provides for encoding ECG symbols of a given alphabet that carry information about the increment signs of both the R R − -interval lengths and the amplitudes of R -wave of adjacent cycles. As a result, the observed ECG generates words (codograms), the processing of which by machine learning methods expands the capabilities of the mathematical analysis of heart rhythm.
The International Scientific and Training Center for Information Technologies and Systems of the National Academy of Sciences of Ukraine and the Ministry of Education and Science of Ukraine has developed an innovative method for processing electrocardiograms (ECG), which is called fasegraphy [16, 17] . A distinctive feature of the method is the use of intelligent IT for processing the observed time signal
) (t z is the rate of change of the electrical activity of the heart [18] . This difference made it possible for the first time to implement a procedure for reliably determining the novel ECG feature (indicator T β ) characterizing the symmetry of the T -wave of the cardiac cycles [19] .
Large-scale clinical studies conducted with the help of the FASEGRAPH ® software and hardware complex, which implements fasegraphy method, confirmed that measuring the indicator T β and evaluating its standard deviation RMS T β makes it possible to increase the accuracy of detecting the initial signs of myocardial ischemia, even in cases where the analysis of traditional ECG features in 12 leads is not informative [20] .
It follows that, remaining within the framework of linguistic analysis, it is advisable to study the possibility of simultaneously analysis the dynamics of changes R R − -intervals and dynamics of changes T β -indicator on the sequence of cardiac cycles. The purpose of the article is to develop algorithmic and software components for solving this problem.
BASIC COMPONENTS OF LINGUISTIC ECG ANALYSIS
Recall that the general scheme of linguistic analysis of the time signal ) (t z suggests segmentation ) (t z into a sequence of separate fragments, reflecting the alternation of elementary events during the development of the process under study [6] . Thus, a transition is made from the k -implementation of the signal ) (t z k observed on a limited time interval ] , 0
as finite chain of characters K j j ,..., 1 , = Α ∈ α from the alphabet of the "names" of the fragments. A set of all-possible words (not necessarily finite) forms a formal language for which the grammar is built [21] :
where 0 Ω is a set of non-terminal symbols (variables); T Ω -a set of terminal symbols (constants),
In the majority of works devoted to linguistic analysis of signals, it is assumed that the alphabet of reference fragments is known in advance [22] , and the construction of grammar makers adequate to the set of observed signals is carried out by man on the basis of informal knowledge of an expert in the subject area.
Despite the fact that in a number of papers, particular, in [23] , the main theoretical concepts of the general formulation of the problem of restoring grammars on a training set of observations were revealed, it should be stated that there are still no universal methods for practical solution of this difficult problem.
Therefore, following the works [14, 15] , we will make the transition from
, analyzing the sequence of sign differences in the values of ECG indices on adjacent cycles.
Let we have N ECG cycles and values of several indicators are determinedon on each of cycles , for example, the duration of RR intervals and the index T β of T wave symmetry.
Denote each of these sequences as:
,... , 2
(2)
Let us determine the values of the indicator variable
, by the signs of the increments of the quantities on each cycle in relation to the previous cycle:
As a result, for the indicators RR and T β , we will get two sequences of The sequence of characters received in accordance with Table 1 forms a N -bit word k S (codogram) that uniquely encodes the k -th processed ECG. For illustration, a flowchart of the codogram's generation S , where N is the total number of registered cardiac cycles (Fig. 1 ).
The proposed method of linguistic analysis and interpretation of ECG is based on the Levenshtein distance ) , ( 2 1 S S L between two words 2 1 , S S of N and M symbols, respectively. Recall that the Levenshtein distance is equal to the minimum number of editing operations such as insertion, deletion, and replacement of a character for converting a word 1 S into a word 2 S [24, 25] .
The algorithm for calculating the Levenshtein distance is as follows. 
The value of the indicator variable
yes no
yes no 
The remaining elements of the matrix D ( 0 , 0 > > j i ) is filled in accordance with the rule:
where
As a result the value ) , ( M N D determines the Levenshtein distance. In general, there may be several optimal paths from cell
that provide the minimum number of editing operations. Figure 2 illustrates this fact and shows the "optimal" sequence of transition from the word = 1 S ddabdcbadcbadca (7) to the word = 2 S bacdaaacdadccbb. Table 2 . The optimal transition from word S 1 to word S 2
Step
Source word Operation Result of editing 
9
The step on i symbolizes the removal of the next symbol from the word 1 S , the step on j -inserting the next word 1 S symbol into the word 2 S , and the step on both indices symbolizes the replacement of the 1 S symbol with the next 2 S symbol or the absence of changes. Table 2 demonstrates one of the optimal options shown in Fig. 2 .
In addition to the classic Levenshtein distance, a number of its modifications are known, for example, the Damerau-Levenshtein distance, in which an additional editing operation in the form of transposition -permutation of two adjacent symbols, or the Levenshtein extension where different prices for elementary editing operations is introdused.
INFORMATION TECHNOLOGY OF LINGUISTIC ECG ANALYSIS
A number of important tasks can be formulated based on the calculation of the Levenshtein distance between the ECG codograms, including: To perform the necessary research, an information technology (IT) has been developed, the structure of which is shown in Fig. 3 .
To study the properties of the Levenshtein distances a software simulator that implements a stochastic model of generating artificial electrocardiograms of a realistic form [26] was uncluded in the IT. The generative model generates a sequence of ECG cycles, built on the basis of the sum of asymmetric Gaussian functions.
with a given level of distortion of parameters that characterize the shape of the
Studies of the possibilities of the proposed approach for solving other problems were carried out on the basis of real ECGs accumulated in the database of the FASEGRAPH ® complex. The complex consists of an ECG recorder with finger electrodes and a computer program that provides automatic ECG processing and determination of traditional and original diagnostic features, in particular, the duration of RR -intervals and parameters T β beat to beat. According to the accumulated data, corresponding codograms were formed and reference codograms of individual groups of subjects were determined, for example, reference codograms of verified patients and conditionally healthy volunteers, athletes and people who are not actively involved in sports, etc.
Sequence of values
The algorithm for constructing reference ECG codograms is as follows. 
The row of this matrix, the sum of the elements of which is minimal, defines the reference word 
Reference codograms (10), (11) allow solving various tasks, for example, relating the analyzed ECG to the first or second groups based on a comparison of the Levenshtein distance between the code word t S of the analyzed ECG and the reference words 
ECG belongs to the second group, if ) , ( ) , (
A similar rule can be used to make a decision about the level of fitness of a person on the basis of Levenshtein's distance between his codogram t S and ref- To assess the intraindividual features of the codograms (task 3), the data of the concrete person was extracted from the database, which were registered for a sufficiently large period of time. We analyzed only those persons who had no serious organic cardiac abnormalities during the observation period.
On the basis of processing the Q codograms of a concrete person we de- 
RESULTS OF EXPERIMENTAL RESEARCHES
Let us briefly review the first practical results obtained using the developed IT. Figure 4 shows graphs of test signals generated by an artificial ECG simulator. The first signal (the signal ) A is a periodic function -a sequence of ECG cycles of a given shape without distortion. Obviously, the codogram of such a signal contain only one letter:
The codogram A S was used as a reference for calculating the Levenshtein distances to the codograms of two other test signals: a signal B that simulated a sequence of reference cycles with distortions of the shape of the wave T only, and a signal C that additionally distorted the durations RR -intervals. The stan- Table 3 summarizes the results of the comparison of distorted signals B and C with the reference signal A .
As can be seen from Table 3 , the Levenshtein distance increases as the level of ECG cycle distortion increases. However, it was established that the statistical dependence of the distance ) , Interesting results were obtained for athletes and people who are not actively involved in sports. The studies were conducted on the basis of real ECG, obtained when testing young volunteers of both sexes aged 18-24, which were divided into two groups:
• Group 1:
highly qualified athletes who are engaged in boxing, various types of wrestling and triathlon;
• Group 2:
people not involved in sports. Investigations were carried out while performing the Martin test: 20 squats in 30 seconds. We recorded ECG all person from each group before the load, at the height of the load, and after a 3-minute rest. The values of the average heart rate ( HR ) and the average index T β characterizing the symmetry of the T wave were determined in these three states.
Following the previously obtained results [26] , we will assume that an adequate response of the organism to the load is that with the load both indicators increase, and after resting they return to their original state, i.e.
η η η -the value of the corresponding indicator in the initial state, at the height of the load and after a 3-minute rest.
We studied the differences in the body's response to exercise in athletes and people who are not actively involved in sports, based on conditions (14) , (15) , and also based on an estimate of the Levenshtein distance 
S .
As a working hypothesis, it was assumed that the condition
also confirms an adequate response of the organism to the load. The results of the research are summarized in Tables 4 and 5, in the cells of which the symbol "+" and "-" denote fulfillment or non-fulfillment of conditions (14) - (16) .
As can be seen from the data given in Tables 4 and 5 , the athletes and nonathletes observed small differences in the frequency of occurrence of events i W , 8 ,..., 1 = i , which form a complete group. To confirm the reliability of the detected differences, additional data processing was carried out on the basis of the calculation of confidence intervals.
From probability theory it is known [29] that the frequency * P of a random event, calculated from a sample of observations by volume Q , with reliability of inference γ determines the confidence interval ] , [ Note that the indicators HR and T β represent the averaged values of the parameters of individual ECG cycles, and the condition (16) characterizes the dynamics of the RR -intervals and the index T β beat to beat. Therefore, condition (16) , to a greater extent than conditions (14) , (15) , characterizes transient processes when performing load tests. The found statistically significant differences in the response of the body of athletes and non-athletes to the load test may be related both to the athlete's overloads at previous trainings and also to indicate that in the process of regular workouts the athlete's body learns to more economically adapt to the load test. Both are reflected in the features of the dynamics of change HR , T β and ) , (
. Of course, the study of the found fact requires further deeper investigations on representative samples of observations.
Recently, scientists have paid attention to intraindividual ECG changes of a healthy person at rest [29] , which is not a precursor of any pathology. In this regard, it is interesting to study the intra-individual changes in the codograms of the same person over a fairly long observation period.
The basis of such studies was based on the analysis of the ECG series of two subjects, registered for six years. 
If also the diagnostic sign ) (⋅ L is conditionally independent of indicators SDNN and RMS, i.e.
then, according to a theorem proved in [30] , the Levenshtein distance is guaranteed a useful diagnostic sign in conjunction with SDNN and RMS in terms of reducing the probability of erroneous decisions.
The analysis of the Levenshtein distances was also useful for illustrating the dynamics of ECG changes during the drug treatment of cardiovascular pathologies. changing. The analysis of the Levenshtein distance was also used to monitor the condition of patient S. (male, 61) diagnosed with atrial fibrillation combined with arterial hypertension, who was hospitalized for 47 days in a hospital for scientists of the National Academy of Sciences of Ukraine. Monitoring was carried twice a day (Fig. 8) .
The patient was treated with antiarrhythmic drugs (Digoxin et al.) and blood pressure lowering drugs (Captopres, etc.). Periodically intravenous infusions of a number of drugs were conducted.
During the entire period of treatment, the patient's condition was stable, which was reflected only by insignificant fluctuations of the Levenshtein distance between codograms except for some moments of time (Fig. 8) . One of such measurements, marked by an arrow in Fig. 8 , was associated with the treadmill study, when the heart rate was 139 beats / min, and the T -wave symmetry index assumed an excessively high value 05 , 2 = β T unit. Daily monitoring of ECG indices using the method fasegraphy combined with monitoring of Levenshtein distances, confirmed the effectiveness of the medical treatment of the patient B.: the index decreased from the initial value of ms to the value of ms. heart rate variability decreased by 73%, what clearly illustrates the comparison of the histograms of the durations of the RR -intervals ( Fig. 9 ).
In conclusion we note that the considered approach of ECG coding with subsequent analysis of the Levenshtein distance between codograms can naturally be generalized to the cases when not only the intervals R R − and indicator T β are used for ECG coding, but also other informative indicators, in particular, amplitudes of R and T waves.
CONCLUSIONS
The proposed approach is based on converting sequences of parameters that characterize the form of individual electrocardiogram cycles into a word -a finite string of characters of a given alphabet. The words (codograms) obtained in this way are analyzed on the basis of the Levenshtein distance, which deter-mines the minimum number of editing operations (inserting, deleting, and replacing a character) to convert one word into another.
The calculation of the Levenshtein distances between all pairs of codograms of the group of subjects allows one to determine the reference codogram of this group. Comparison of the Levenshtein distances, including the analysis of the editorial distance between the current codogram and the reference codogram, makes it possible to make diagnostic decisions about patient ownership of the corresponding group.
An information technology based on the implementation of the components of the proposed approach has been developed. Experimental studies conducted using model and real data confirmed the potential diagnostic effectiveness of the proposed approach for obtaining additional information in solving actual applied problems. Of course, from the point of view of evidence-based medicine, such research should be continued on a significantly larger amount of clinical material.
